Abstract. Heaving float wave energy converter/conversion (WEC), which makes use of liquid metal magnetohydrodynamics (LMMHD) generator, converts directly the linear motion of heaving float into electrical power. In this paper, effect of magnetic flux density on performance of heaving float LMMHD-WEC is analytically investigated. The results reveal that the capture width ratio, the load voltage, the output power, the system efficiency have maximum values with the increase of magnetic flux density.
Introduction
Wave energy is one of the most abundant energy recourses with prospect of wide development and utilization [1, 2] . The global wave energy (including that on the open ocean) is in the order of 10 13 W, a quantity that is comparable with the world's present power consumption. Wave energy conversion/converter (WEC) has been the most important form of wave energy utilization and is an effective way to deal with energy crisis. Therefore, research on WEC technologies aimed at high efficiency, high reliability and low cost characteristics has been becoming global research hotspots.
Rotating generators are used traditionally in WECs, which require a complex intermediate system to convert wave energy into electricity as waves are with low frequency, low velocity and reciprocating characteristics. A new way to generate electricity directly from ocean wave motion, that is a WEC with liquid metal magnetohydrodynamics (LMMHD) generator, which provides an excellent match to the mechanical impedance of an ocean wave, has been proposed and investigated in Institute of Electrical Engineering, CAS [3] . As shown in Figure. 1, a LMMHD-WEC is mainly composed of a heaving float and a MHD generator system (enlarged in the block), et al. The MHD generator system mainly consists of one cylinder, N MHD channels (N≥1, only one is shown in this figure), connecting pipes and it can adopt modular design and control method according to wave conditions and user requirements. From the viewpoint of fluid, MHD channels are connected in parallel. From the viewpoint of circuit, MHD channels are connected in series. In a LMMHD-WEC, a heaving float moves up and down to absorb wave energy, a piston in cylinder connected to the heaving float through a shaft converts directly the linear motion of the heaving float to hydraulic oil and finally to the working medium in MHD channels. Working medium flows through MHD channels and cuts magnetic field lines and then induced electromotive force is generated. When connected to load, the LMMHD generator system applies a damping force to the heaving float and at the same time electricity is induced. There are no complex intermediate systems in LMMHD-WEC such as mechanical devices with high velocity ratio or complex hydraulic systems existed in traditional WECs. The LMMHD-WEC is considered to be compact, low cost, with high reliability and high power density, and utilization hours of wave energy increase remarkably as it can operate well in low wave conditions. Magnetohydrodynamics analysis of LMMHD generator, system performance analysis, experimental and prototype device development have been conducted in IEECAS [4] [5] [6] [7] . A prototype device of heaving float LMMHD-WEC has been constructed and operated successfully in sea trial [8] . The experimental results verify feasibility and responsiveness to low wave conditions of this technology.
Influencing factors of system performance include wave, float, working medium, generator structure, magnetic field, etc, and the magnetic field is one of the main influencing factors on system performance. In this paper, effect of magnetic field on performance of heaving float LMMHD-WEC including float response and output characteristics are investigated.
Performance Analysis Model of LMMHD-WEC
As the influence of MHD generator system are mainly considered in this performance analysis model, model of interaction between waves and float is simplified. The following assumptions are made in this model: firstly, the wave has small amplitude, secondly, the float motion is illustrated as a float oscillating in heave (one degree of freedom).
The equation of float motion is 
Here, m f is the mass of heaving float, a f is accelerated velocity, f e is the vertical component of excitation force (due to incident waves) acting on the assumedly fixed float, f r is the vertical component of radiation force (due to float motion), f hs is the vertical component of hydrostatic restoring force, f G is the vertical force due to the MHD generator system, As the piston in cylinder connected to heaving float through a shaft, the piston has the same velocity with the heaving float.
Here, m P is the mass of the piston, S P is the equivalent radial cross-sectional area of the piston, ∆P Cylinder is the differential pressure of the piston, f Shaft is the force of the shaft acting on piston, f Shaft and f G are equal and opposite
In MHD generator system, the movement of fluid including hydraulic oil and working medium is a process of unsteady flowing and can be described by Bernoulli equations with MHD effects, ( )
Here, φ is velocity potential, v i or v j , P i or P j are velocity and pressure, respectively, for corresponding sections i or j on dash-dotted line in Figure. 1, ρ ij is the density of fluids between i and j, h f and h ij are frictional resistance and local resistance MHD effects can achieve by adding the following electromagnetic force in equation (3),
Here, j is current density, B 0 is external applied magnetic flux density.
As hydraulic oil and liquid metal are both incompressible fluids, relationship between the velocity of heaving float and working medium in MHD channels is as follows,
Here, α=S P /S MHD is the ratio of S P and S MHD . Where S MHD is the flow area of MHD channels. Damping force of MHD gennerator system is obtained by above equations simultaneous and can be described as
Here, C 1 、 C 2 and C 3 are damping coefficients of MHD generator system related to design parameters.
Then equation (1) can be described as follows,
Here, A is the hydrodynamic coefficient of added mass (accounting for the inertia of water surrounding float) and B is the radiation damping coefficient (accounting for the damping on float due to energy transfer to wave radiated away). Accordingly, frequency dependent hydrodynamic coefficients are defined, to be determined theoretically or computed with the aid of computer codes. Through the solution of this equation, we can get the law of heaving float motion and then the law of working medium motion, output characteristics and system efficiency.
System output characteristics of load voltage U load , load current I load , output power P output and system efficiency η System are described as follows,
Here, E is electric field intensity, N is the number of MHD channels, a is the width of electrode, b is the distance between electrodes of one MHD channel, L MHD is the length of electrode, k is the loading parameter of MHD generator system, σ LM is the electrical conductivity of working medium.
Here, η G is the efficiency of MHD generator system, P w is the incident wave energy within the diameter of float.
Performance Analysis
In this part, a system performance analysis program is compiled and effect of magnetic flux density on the performance of heaving float LMMHD-WEC is carried out. A set of system parameters are shown in Tab. 1. Regular wave condition is used in this paper and the magnetic flux density vary in the range of 0.05T~3.0T. Figure. 2 shows coefficients C 1 , C 2 , C 3 curves versus magnetic flux density. C max is the maximum value among C 1 , C 2 , C 3 with magnetic flux density in the range of 0.05T~3.0T. In Figure. 2, black line, red dash line and blue dash-dot line represent ratios of C 1 /C max , C 2 /C max and C 3 /C max , respectively. It can be seen that with the increase of magnetic flux density, C 1 /C max values are small and almost remain unchanged, C 2 /C max values monotonically increase, C 3 /C max values also remain unchanged and C 3 /C max are greater than C 2 /C max when B 0 <0.6T. Figure. 3 and Figure.4 show the peak damping force of MHD generator system and the response amplitude of heaving float versus magnetic flux density, respectively. It can be seen that with the increase of magnetic flux density, the damping force of MHD generator system increases and the response amplitude of heaving float decreases. As the damping force of MHD generator system increases, which limits the motion of heaving float, the response amplitude of heaving float decreases. Figure. 5 shows the peak velocity of heaving float versus magnetic flux density. It can be seen that, with the increase of magnetic flux density, the velocity of heaving float decreases. As the wave period remains constant in this paper, the velocity of heaving float presents the same variation trend with the response amplitude of heaving float as shown in Figure. Figure. 6 shows the capture width ratio of heaving float versus magnetic flux density. It can be seen that the capture width ratio firstly increases and then decreases and the capture width ratio achieves a maximum value when B 0 =1.3T. Figure. 7 shows the peak velocity of working medium in MHD channels versus magnetic flux density. It can be seen that, with the increase of magnetic flux density, the velocity of working medium in MHD channels decreases. Because hydraulic oil and liquid metal are both incompressible fluids, the flow rates of the hydraulic oil and the working medium are equal. So the ratio of the velocity of working medium in MHD channels and the velocity of heaving float is constant, that is, the velocity of working medium in MHD channels has the same variation trend with the velocity of heaving float. (8) and (9), load voltage and load current are both proportional to magnetic flux density and the velocity of working medium in MHD channels. So with the increase of magnetic flux density and according to Figure. 7, the load voltage and the load current both firstly increase and then decrease. Figure. 10 and Figure. 11 show the peak output power and the system efficiency versus magnetic flux density. It can be seen that with the increase of magnetic flux density, the output power and the system efficiency both have the same variation trend with the load current and the load voltage. It can be seen that the maximum peak output power value of 16.5kW and the system efficiency of 24% are obtained when the magnetic flux density is 1.3T. 
Summary
In this paper, effect of magnetic flux density on the performance of heaving float LMMHD-WEC is analytically investigated.The research results reveal that, with the increase of magnetic flux density, the damping force of MHD generator system increases, the amplitude and the velocity of heaving float decrease. The capture width ratio, the load voltage, the load current, the output power, the system efficiency all have maximum values with the increase of magnetic flux density. And the maximum peak value of 16.5kW output power and the system efficiency of 24% are obtained when the wave height, the wave period, the float diameter, the magnetic flux density are 1.3m, 5.2s, 4.0m, 1.3T, respectively, using NaK alloy as working medium.There are also other influencing factors on system performance characteristics including wave, float, generator structure, etc, and future studies are warranted.
